Cathodal galvanic currents activate primary vestibular afferents while anodal currents inhibit them. Pulsed galvanic vestibular stimulation (GVS) was used to determine the latency and initiation of the human vestibuloocular reflex. Three-dimensional galvanic vestibuloocular reflex (g-VOR) was recorded with binocular dual-search coils in response to bilateral bipolar 100ms-rectangular-pulse of current at 0.9mA (nearthreshold), 2.5mA, 5.0mA, 7.5mA and 10.0mA in 11 normal subjects. The g-VOR comprised three components: conjugate torsional eye rotation away from cathode towards anode; vertical divergence (skew deviation) with hypertropia of the eye on the cathodal and hypotropia of the eye on the anodal sides; conjugate horizontal eye rotation away from cathode towards anode. The g-VOR was repeatable across all subjects, its magnitude a linear function of the current intensity, its latency about 9.0ms with GVS of an earth-horizontal axis and might be due to both vertical semicircular canal and otolith afferent activations. Pulsed GVS is a promising technique to investigate latency and initiation of the human vestibuloocular reflex, as it does not require a large mechanical apparatus nor have problems of head inertia or slippage.
INTRODUCTION
Galvanic vestibular stimulation (GVS) has been used to study the human vestibular system for over 150 years (Fitzpatrick and Day 2004) . Animal studies with implanted stimulating electrodes show that cathodal GVS activates primary, especially irregularly discharging, vestibular afferents from all the vestibular endorgans, while anodal stimulation inhibits them, believed to be acting on their spike-trigger zones (Goldberg et al. 1984; Minor and Goldberg 1991) .
Previous human studies show that maintained bilateral bipolar GVS of 0.5-10mA, for 4-240s, elicits static ocular torsion and a torsional-horizontal nystagmus away from the cathode towards the anode (Zink 1997; Watson et al. 1998; Schneider et al. 2002; MacDougall et al. 2002 MacDougall et al. , 2003 MacDougall et al. , 2005 . Similarly in monkey, maintained GVS of 0.1mA with implanted electrodes generates a torsional-horizontal nystagmus (Minor et al. 1996) .
While nystagmus responses to GVS are consistent in each subject at different times, they vary markedly between subjects (MacDougall et al. 2002) . Using near-threshold GVS of 0.1-0.9mA maintained for 4s, a VOR latency of ~46ms was reported (Severac Cauquil et al. 2003) .
Although the nystagmus response to GVS is reproducible within subjects, its usefulness is hampered by the marked variability between subjects, both in direction and magnitude (MacDougall et al. 2002) . We therefore wondered whether using brief (100ms-pulses) rather than maintained GVS would generate a more consistent g-VOR, as the initial vestibuloocular reflex in the first 100ms should not be influenced by saccades, vision or adaptation. Due to the low signal-to-noise ratio of the initial g-VOR when using nearthreshold GVS, we also wondered if supra-threshold pulsed GVS could give a definitive value for g-VOR latency. The objective of this study was to determine the latency and initiation of the human vestibuloocular reflex in response to pulsed GVS.
MATERIALS AND METHODS

Subjects.
Eleven normal subjects (range: 23-65 years; 38.7 ± 4.9 years, mean ± 1SEM)
were tested with GVS after giving informed consent. The protocol was approved by Royal Prince Alfred Hospital Ethics Committee in accordance with the Helsinki II Declaration (BMJ 1991; 302: 1194).
Recording system. Binocular three-dimensional (3D) eye positions in response to pulsed GVS were recorded using the search coil technique. Each subject was supine during the recording with his head secured to a head-holder to prevent any motion artifact and in darkness viewing a 2mm fixation LED located 600mm away. Binocular eye positions in three axes -horizontal, vertical and torsional -were recorded with dual-search coils (Skalar, The Netherlands), pre-calibrated to determine the search coil gains and offsets.
During recording, the search coil signals obtained after pre-amplification and phase detection (CNC Engineering, USA) and the computer-controlled current switch voltage were sampled with 24-bit resolution at 5kHz using Labview (National Instruments, USA) on a Win2000-based PC (Microsoft, USA). Resolution of the eye movement recording system was <0.1min of arc. Maximum errors and cross-coupling were <2% (Aw et al.
2003).
Galvanic vestibular stimulation. The galvanic stimulus was a bilateral, bipolar 100ms-rectangular-pulse of current at preset intensities (0.9-10mA) delivered via 4cm 2 transmastoid surface electrodes (Neutralect, USA). It was generated by a battery device and delivered through an isolated computer-controlled switch at a repetition rate of one/second for 60 repetitions. Eleven subjects were tested with 5mA current intensity in both left-cathode/right-anode and right-cathode/left-anode configurations. Eight of these subjects were also tested with current intensities of 0.9mA (near-threshold), 2.5mA, Latency of the g-VOR was determined using an automated software algorithm. It was defined as the interval between the GVS onset (i.e. onset of the computer-controlled current switch) and the point where the derivative of the torsional eye position (i.e. eye velocity) first exceeded 1SD of its baseline noise (Aw et al. 2003) . As the torsional, vertical and horizontal onsets were the same, largest of the three components, the torsional component was used to determine the latency ( Figure 1 ).
Statistical analysis. Means ± 1SEM of the binocular g-VOR for each current intensity were determined from >30 GVS repetitions in each subject. At each current intensity (0.9mA, 2.5mA, 5.0mA, 7.5mA, 10mA) group mean ± 95% confidence intervals (95%CI) were determined from eight subjects. Student's t-test for differences between two means of dependent observations was used to test for differences between the eye positions on cathodal and anodal sides. A significance level of p = 0.05 was used in the statistical analysis.
RESULTS
Latency
The latency of the g-VOR was ~9ms with GVS of 2.5mA or greater ( Figure 1 ). Group means ± 95%CIs of the pooled g-VOR latency (for left-cathode/right-anode and rightcathode/left-anode configurations) are displayed in Table 1 . However, when the GVS was near-threshold at 0.9mA, the g-VOR latency was prolonged to ~32ms. Latency of the g- -------- Table 1 
---------
Directions
The binocular g-VOR evoked by bilateral, bipolar GVS comprised three components: 
DISCUSSION
The initial g-VOR comprised three components: conjugate torsional eye rotation away from cathode towards anode; significant vertical divergence (skew deviation) with hypertropia of the intorting eye on the cathodal side and hypotropia of the extorting eye 
